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Hydration Levels Using Urine Samples 
Abstract 
Complex graphene electrode fabrication protocols including conventional chemical vapor deposition and 
graphene transfer techniques as well as more recent solution‐phase printing and postprint annealing 
methods have hindered the wide‐scale implementation of electrochemical devices including solid‐state 
ion‐selective electrodes (ISEs). Herein, a facile graphene ISE fabrication technique that utilizes laser 
induced graphene (LIG), formed by converting polyimide into graphene by a CO2 laser and 
functionalization with ammonium ion (NH4+) and potassium ion (K+) ion‐selective membranes, is 
demonstrated. The electrochemical LIG ISEs exhibit a wide sensing range (0.1 × 10−3–150 × 10−3 m for 
NH4+ and 0.3 × 10−3–150 × 10−3 m for K+) with high stability (minimal drop in signal after 3 months of 
storage) across a wide pH range (3.5–9.0). The LIG ISEs are also able to monitor the concentrations of 
NH4+ and K+ in urine samples (29–51% and 17–61% increase for the younger and older patient; 
respectively, after dehydration induction), which correlate well with conventional hydration status 
measurements. Hence, these results demonstrate a facile method to perform in‐field ion sensing and are 
the first steps in creating a protocol for quantifying hydration levels through urine testing in human 
subjects. 
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ABSTRACT 
Solid-state ion selective electrodes (ISEs) have demonstrated ability to provide low-maintenance 
in situ ion sensing in a variety of applications including clinical diagnostics and environmental monitoring. 
Recently graphene has been incorporated into such ISEs to improve signal sensitivity and stability by 
promoting ion-selective membrane to electrode adhesion and to increase electrode surface area. However, 
complex graphene electrode fabrication protocols including conventional chemical vapor deposition and 
graphene transfer techniques, as well as more recent solution-phase printing and post-print annealing 
methods have hindered the wide-scale implementations of these devices.  Herein, we demonstrate a facile 
graphene ISE fabrication technique that utilizes laser induced graphene (LIG) as the working electrode base 
material.  The LIG is formed by using a CO2 laser to convert sp
3-hybridized carbon in polyimide into sp2-
hybridized carbon or graphene.  The LIG is subsequently converted into ammonium ion (NH4
+) and 
potassium ion (K+) ISEs by distinctly functionalizing the LIG with poly(vinyl chloride)-based ion selective 
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membranes containing the ionophore nonactin or valinomycin, respectively. The LIG ISEs demonstrated a 
wide sensing range (0.1–150 mM for NH4
+ and 0.3–150 mM for K+) with high stability (minimal drop in 
signal after 3 months of storage) across a wide pH sensing range (3.5 to 9.0). The LIG ISEs also 
demonstrated the ability to monitor the hydration status of patients through ion monitoring in human urine 
samples collected from both a young (22 years old) and older adult (75 years old). Measured heightened 
concentrations of NH4
+ and K+ in these urine samples (29-51% and 17-61% increase for the younger and 
older patient; respectively, after dehydration induction) correlate well with urine specific gravity 
measurements.  Hence, these results demonstrate a facile method to perform in-field ion sensing in 
biological samples and are the first steps in creating a new protocol for quantifying hydration levels through 
urine testing in human subjects—which is particularly important and pressing for those under the watch of 
assisted living care.  
 




Potentiometric ion sensing is one of the oldest and most well-known forms of chemical sensing that 
is useful for a variety of applications including clinical diagnostics and environmental monitoring1-3. 
Conventional potentiometric ion sensors or ion-selective electrodes (ISEs) contain liquid contacts or inner 
filling solutions that maintain an ionic solution between the electrode and an ion selective membrane. Such 
liquid contact ISEs suffer from a variety of problems including evaporation and/or net liquid transport into 
or out of the membrane under distinct temperatures and pressures, which can lead to false signals and even 
sensor failure as the membrane may begin to delaminate from the sensor surface. These liquid contact ISEs 
are hence maintenance-intensive as they require storage and calibration in ionic liquid before/between 
operation to maintain the ionic strength of the filling fluid.4, 5 Hence, researchers have focused on 
developing all solid-state ISEs to circumvent these problems. Solid-state ISEs contain no filling solution 
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between the ion-selective membrane and the underlying electrode, and consequently do not exhibit the 
issues associated with ionic solution loss. Such ISEs have therefore been implemented in a wide variety of 
applications including in situ water quality analysis6, electrolyte sensing in sweat7-9, and fertilizer 
monitoring in soils.10 However, solid-state ISEs are often prone to large signal drift, which may be caused 
by the formation of an aqueous layer between the ion-selective membrane and the electrode, and often 
require expensive materials such as noble metals or metallic nanoparticles to provide sufficient electrode 
conductivity and surface area for sensitive ion sensing. A promising solution to circumvent these issues is 
the use of carbon nanomaterials, such as graphene, within the construction of solid-state ISEs. 
Graphene-based electrodes hold tremendous promise for electrochemical biosensing including ion 
selective sensing9-11 due to their exceptional material properties, which include high electrical conductivity, 
strength, and ability to be functionalized with chemical moieties that are suitable for binding with a wide 
variety of biorecognition agents.12-17 A variety of carbon-based nanomaterials (i.e., fullerenes, carbon-
nanotubes, and graphene) have all been incorporated into solid-contacts ISEs to increase electroactive 
surface of the electrode; ion-selective membrane to electrode adhesion; and consequently, to improve signal 
sensitivity and stability while minimizing drift.11, 18-20 Conventional methods to create circuits comprised of 
carbon nanomaterials include tedious chemical vapor deposition (CVD) techniques that require high 
temperatures (500-1000°C) and vacuum chamber synthesis within ambient carbon precursor gases.21 
Moreover, CVD grown graphene, frequently synthesized on copper foils, needs to be transferred to other 
substrates for integration into sensor devices via tedious wet transfer techniques that generally consist of 
polymer coating, imprinting, etching, and seperation22, 23 or dry transfer techniques that generally consist of 
soft-substrate manual stamping or hot-pressing.24-27 Recent, alternative graphene circuit fabrication 
methods have been developed to eliminate the need for both CVD growth and post-growth transfer 
techniques. These processes employ various graphene printing techniques such as inkjet printing,9, 28 screen 
printing,29 and dispenser printing.30 Such printing techniques allow the fabrication of graphene circuits 
directly onto the sensor substrate material and can even be performed on flexible substrates such as PET 
and polyimide.28, 31-34 The inkjet printing of graphene/graphene oxide electrodes have been converted into 
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solid-state ISEs for potassium monitoring in fluid such as in sweat.9, 11 However, these printing techniques 
require post-print annealing (e.g., thermal,9, 28, 35 photonic annealing36, 37, and laser38) to improve their 
electrical conductivity and electrocatalytic nature for biosensing applications including ion sensing.9, 32, 34 
In addition to annealing, researchers often electrodeposit metallic nanoparticles and/or use plasma etching 
or ion bombardment to increase the number of defects and/or superficial oxygen species on graphene 
circuits in an effort to increase the catalytic nature of the electrode and heterogeneous charge transport, 
which enhances the sensitivity of the electrochemical sensor.39-42 These examples of post-print processing 
further increase the complexity of sensor circuit fabrication and cost. 
A recently developed, less complex, alternative strategy to graphene circuit formation is through 
the use of laser induced graphene (LIG). LIG is created by lasing, generally with a benchtop CO2 or UV 
laser, carbon-based materials such as polyimide to convert sp3-hybridized carbon into sp2-hybridized carbon 
found in graphene.10, 43 This lasing process combines graphene synthesis, patterning, and annealing into one 
step that can be performed outside of a cleanroom at ambient conditions. Hence, conventional graphene 
circuit formation including lithographic patterning of graphene-metal catalysts and graphene transfer 
techniques, as well as more recent graphene ink, printing, and post-print annealing technique can all be 
avoided to create graphene circuits on low dielectric constant materials and consequently at reduced 
fabrication cost. Such LIG has already been utilized in a variety of applications including energy storage 
devices, antibacterial surfaces,44 and various electrochemical sensors/biosensors.10, 43, 45-49 
Herein, we report the development of LIG-based ISEs for the monitoring of potassium ions (K+) 
and ammonium ions (NH4
+) in urine for monitoring hydration in patients, including advanced age patients. 
The risk of dehydration in older adults increases due the onset of various pathophysiological changes, such 
as reduced ability to sense thirst, renal senescence that reduces kidney function and more specifically often 
reduces glomerular filtration rate, as well as a variety of other age-related physical and mental disabilities 
combined with the fact that some drugs that treat this medical challenges can also help cause dehydration.50-
53 Hence, monitoring hydration levels in older adults is even more critical than younger, healthier patients 
as small deviations from the hydrated or dehydrated state can rapidly worsen patient health conditions, and 
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increased hospital stays and healthcare costs.54, 55 Physical signs of dehydration in these patients including 
skin turgor, lack of sweat, sunken eyes, and dry mucous membranes, as well as chemical signs such as 
osmolarity changes in urine (often used for quantifying patient hydration levels) require either technical 
expertise to assess the clinical condition, or suffer from unreliability, and low sensitivity and/or  
specificity.56-58 Consequently, there is no gold standard hydration status measurement test for the clinical 
environment.58, 59 The LIG-based ISEs developed in this research for selective K+ and NH4
+ ion sensing in 
urine demonstrated the ability to quantify hydration levels, with high stability (minimal drop in signal over 
3 months of storage) across a wide sensing range of pH (3.5 to 9.0). Results demonstrated a low detection 
limit (30 μM for NH4
+ and 100 μM for K+) and rapid response time (30 s) and were comparable to 
conventional hydration monitoring techniques (i.e., specific gravity measurements). Consequently, these 
low-cost sensors show promise in providing quantifiable hydration status reports from human urine samples 
in less than a minute. 
 
MATERIALS AND METHODS 
LIG Electrode Fabrication 
The LIG electrodes were prepared by irradiation of polyimide (0.125 mm thick, DuPont, USA) 
using CO2 laser (75-watt Epilog Fusion M2, USA). The polyimide was fixed on a glass substrate and 
cleaned with a paper wipe before lasing. Drawings of the electrodes were prepared in CorelDraw and then 
submitted to the laser-controlling program. Each electrode was created in the form of a dipstick electrode 
with a circular region (3 mm in diameter) acting as the working electrode, while a rectangular stem (2 mm 
× 30 mm) connected to a terminal square contact pad (3 mm × 3 mm) was used to make an electrical 
connection with a potentiostat. The lasing parameters for converting the polyimide into graphene were as 
follows: 7% speed, 11% power, 50% frequency, raster mode, 600 dpi, while all other parameters were 
selected as “off”. After lasing the central region (rectangular stem connecting the working electrode to the 
contact pad) of the electrode was covered with adhesive polyimide tape (Dupont) for protection from 
scratching and contact with water (insulation layer). 
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Microscopy Analysis of LIG Electrodes 
Microscopic images were taken from a FEI Quanta 250 Scanning Electron Microscope (SEM) at 
an operating voltage of 10 kV with the sample surface kept at approximately 10 mm of working distance 
from the field emitter source aperture. Raman spectroscopy measurements were performed using an XploRa 
Plus confocal Raman upright microscope equipped with a 532 nm excitation source and a Synapse EMCCD 
camera (Horiba Scientific/NJ, France). A 50× air objective (Olympus, LMPlanFL) with a 0.5 numerical 
aperture was used to collect Raman images in the epi-direction. Raman mapping was performed over an 
area of 20 × 20 μm2 with a step size of 2 μm. The intensity (height) was determined for the D, G, and 2D 
bands by fitting the data to a Lorentzian model. 
 
Preparation of Ion-Selective Membranes 
LIG electrodes were functionalized with either an NH4
+ or K+ ion-selective membrane. All 
chemicals used in the membranes were obtained from Sigma-Aldrich. The NH4
+ ion-selective membrane 
was formulated with a cocktail of nonactin (ammonium-selective ionophore, 5 mg), potassium tetrakis(4-
chlorophenyl)borate (ionic additive for increased ion exchange, 2.5 mg), dioctyl sebacate (plasticizer, 166 
mg), poly(vinyl chloride) high molecular weight (the main solid component of the membrane, 326.5 mg), 
and tetrahydrofuran (solvent, 4.445 mg).10 The K+ ion-selective membrane was formulated with a cocktail 
of valinomycin (potassium-selective ionophore, 2.5 mg), dioctyl sebacate (165 mg), poly(vinyl chloride) 
high molecular weight (82.5 mg), and tetrahydrofuran (1667 mg).9 The distinct mixtures were then vortexed 
for 3 min, stored at 4 °C overnight to obtain a homogeneous solution, and finally vortexed for 3 min before 
drop casting onto the LIG electrodes. It should be noted here that these distinct mixtures can be stored and 
used for several months if stored properly at 4 °C. Next, NH4
+ and K+ ISEs were prepared by drop-casting 
8 µL of the mixtures onto the circular working electrode region of each LIG sample. Note that the ionophore 
mixtures were dropped cast onto the working electrodes, so that they slightly overlapped the LIG and 
covered a small portion of the polyimide to guarantee that any sidewalls/edges of the LIG were completely 
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covered by the membrane. Finally, the ISEs were allowed to air dry in a fume hood overnight. The 
completed ISEs were stored dry at room temperature before and between use. 
 
Electrochemical Ion Sensing 
Before electrochemical ion sensing, the NH4
+ ISEs were conditioned in 1 mM NH4Cl overnight, 
and K+ ISEs were conditioned in 10 mM KCl for 5 h before use. This initial preconditioning step was only 
performed once for each new electrode and was performed to ensure minimal drift and maximum sensitivity 
during subsequent ion sensing experiments following previous protocols.9, 10 The electrochemical ion 
sensing experiments were performed using a CHI 6273E electrochemical potentiostat operated by an 
externally attached computer. For all ion sensing experiments, the potentiostat was operated in the “open 
circuit potentiometry” mode. For each experiment a distinct LIG ISE was electrically connected to the 
potentiostat as the working electrode while a CHI Ag/AgCl liquid-junction electrode (filled with 1 M KCl) 
was used as the reference electrode. Both the LIG ISE working electrode and the reference electrode were 
placed in a 10 mL glass beaker filled with 4 mL of distilled water (DI), with constant slow stirring (~100 
rpm) performed with a magnetic stirrer. For the sensor calibration, aliquots of concentrated NH4Cl or KCl 
solution (1, 10, 100, and 2000 mM in DI) were added to the working cell.  For stability evaluation, ISEs 
were calibrated after preparation and after 40 and 90 days of dry storage at room temperature (20-22 °C). 
For the evaluation of influence of pH on the ISE response, a four-component buffer was used (5 mM tris, 
5 mM NaH2PO4, 5 mM sodium citrate, 5 mM boric acid, adjusted with HCl/NaOH) that has high buffer 
capacity in a wide pH range. Selectivity coefficients of the ISEs were using separate solution method and 
chlorides of the corresponding ions.  All electrochemical ion sensing besides ion sensing in the real urine 
samples was performed at Iowa State University. 
 
Urine Collection and Processing 
Two study participants of 22 and 73 years old; respectively, were recruited via Arizona State 
University’s IRB number STUDY00006547. The participants were asked to perform three consecutive 
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tasks for a total duration of 30 minutes. In the first 10 minutes, the subjects remained at resting conditions 
sitting on a chair and working on a cognitive task with a computer. This was followed with 10 minutes of 
biking in a fixed bike. Finally, participants laid down for 10 minutes and were under supine condition. 
Urine samples were collected before and after the sequenced tasks and were immediately processed with 
10 minutes centrifugation at 3000 rpm (1207 g). The supernatant was then stored in a -78 oC freezer until 
analysis with ISEs. The urine samples were also analyzed for specific gravity using urine dip sticks (10 
parameter Urinalysis Test Strips, Uri Test, Healthy Wiser, USA). In addition, the participants were 
weighted before and after the three consecutive tasks.   
 
Electrochemical Ion Sensing of Urine Samples 
Electrochemical ion sensing of urine samples was performed according to the previously mentioned 
electrochemical ion sensing methods with the following caveats.  Electrochemical sensors were fabricated 
at Iowa State University and shipped to Arizona State University to measure NH4
+ or K+ ions in human 
urine samples.  Frozen urine samples were thawed at room temperature and were diluted by a factor of 3.33 
to ensure that the output potential lies within the sensor dynamic concentration range discussed in the result 
section. Between measurements and prior to starting the experiment, ISEs were rinsed with DI water and 
dried on blotting paper. The electrodes were connected to the XL500 instrument, a dual channel 
pH/mV/conductivity benchtop meter from Fisher Scientific. A magnetic stirrer at 600 rpm was used 
throughout the experiment. Measurements were recorded when steady state potential was obtained at 
approximately 1 minute.  For all analyses of this study, determinations were made in triplicate as 
independent experiments. The results on the figures are presented as mean ± standard deviation calculated 
using OriginPro 8.5 software (OriginLab Corporation, Northampton, MA, USA). Linear regression analysis 
was performed using the same program. 
 
RESULTS AND DISCUSSION 
LIG electrode fabrication and biofunctionalization 
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The LIG electrodes were fabricated by a one-step process of lasing a polyimide sheet (0.125 mm 
thick) with a CO2 laser (see Materials and Methods and Fig. 1). Such CO2 lasers produce infrared light that 
heats polyimide and converts sp3-hybridized carbon into sp2-hybridized carbon, thus converting polyimide 
to graphene.60 Lasing parameters (speed, power, and frequency) were tuned to obtain graphene while 
preventing charring or burning of the polyimide, which can create a less conductive amorphous carbon 
structure. After lasing, the LIG electrodes were cut and separated using scissors to create individual dipstick 
electrodes.  Next, the LIG stem that connects the LIG circular working electrode to the LIG electrical 
contact pad was electrochemically insulated by adhesive polyimide tape, so that these regions of LIG did 
not participate/interfere with subsequent ion sensing experiments. The LIG electrodes were then 
functionalized by drop-casting ion-selective membranes selective to NH4
+ and K+ onto the terminal circular 
region of the electrodes and dried overnight. Finally, conditioning of the ISEs in the solution of target ion 
was carried out overnight to complete the ISE fabrication protocol. 
 
Figure 1. (a) Overview fabrication schematic of the LIG ISEs; (b) SEM image, and (c) Raman spectra of 
a LIG after CO2 lasing of polyimide. 
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The obtained electrodes were characterized by scanning electron microscopy (SEM) and Raman 
spectroscopy (Fig. 1). SEM images showed that the obtained LIG is highly porous and consists of flakes 
with the dimensions of 3-10 µm. On the Raman spectra D, G, and 2D bands were clearly visible, which is 
typical for graphene and other carbon materials.61 The presence of the 2D peak supported the existence of 
the single-layer graphene sheets.44 To estimate disorder and defects in the LIG, ID/IG ratio was calculated 
(0.9 ± 0.1), which indicates a high degree of graphene disorder, as confirmed by SEM. The I2D/IG ratio was 
0.52 ± 0.01, which indicates that graphene has multiple layers or stacked layers of single-layer graphene 
sheets. Similar values were reported in previous studies on fabrication of LIG.10, 62, 63 
 
Analytical characteristics of the sensors 
Calibration of the NH4
+ and K+ ISEs was carried out in DI by sequential increase of NH4Cl or KCl 
concentrations; respectively, in the working cell (Fig. 2a). The NH4
+ and K+ ISEs responded rapidly after 
addition of the target ion and reach a steady-state response within ~30 s. The sensors responded with a 
positive increase in potential with the increase in ion concentration, as a result of the target cations binding 
with the corresponding ionophores within each ion-selective membrane. 
   
Figure 2.  (a) Potentiometric response of the NH4
+ and K+ LIG ISEs performed in DI vs. ref. Ag/AgCl 
[0.1 M] with increasing concentrations of NH4Cl or KCl (sequential additions from 10
-6 to 10-1 M, with 
10-1 M step which were added every 100 s). (b) Resultant potential vs. ion concentration calibration 
curves of the NH4
+ and K+ LIG ISEs. Standard error bars represent standard deviation, n = 3.  
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The calibration curves of the NH4
+ and K+ ISEs are shown on Fig. 2b. The linear range of NH4
+ 
detection was from 0.1 mM to at least 150 mM, and the average sensitivity was 51 mV/dec. While the linear 
range of K+ detection was from 0.3 mM to at least 150 mM, and the average sensitivity was 53 mV/dec. 
The limits of detection were 0.03 mM for NH4
+ and 0.1 mM for K+. Ion concentrations above 150 mM were 
not measured as this is above the common physiological range. Reference ranges for the ion concentrations 
in urine are 25–125 mmol/day (K+) and 15–56 mmol/day (NH4
+).64 Thus, the presented sensor 
characteristics allow the detection of any K+ and NH4
+ concentration found in urine. 
Storage stability of the sensors was also investigated (see Materials and Methods). After 40 days 
sensitivity of the K+ sensors remained the same, and sensitivity of NH4
+ sensors decreased from 51 to 50 
mV/dec. After 90 days of storage sensitivity of the K+ sensors still remained the same, and sensitivity of 
NH4
+ sensors decreased to 44 mV/dec. The sensors were completely operational immediately after 
immersion in sensing solution and calibration. This is an advantage of the proposed solid-state sensors over 
conventional liquid-junction ISEs that should be stored in a solution to prevent drying out. However, 
recalibration of the sensors after storage should be carried out, since the calibration curves shifted up or 
down relatively to the initial curves, especially for NH4
+ ISEs. 
 
Dependence on pH 
Sensor response can be influenced by the pH of the solution. For example, the change of pH and 
the presence of acids can alter charge of the components of the ion-selective membrane and change potential 
at the membrane/electrode and membrane/solution interface.65 Furthermore, urine pH is not constant and 
depends on a person’s diet, physiology, and other factors. For example, excess of meat in diet lowers urine 
pH, whereas some fruits, vegetables, and dairy products raise the pH.66 Physical exercises can shift urine 
pH to acidic range, probably by increasing bicarbonate level.67 Normal range of urine pH is from 4.5 to 
8.0.64 Thus, responses of the sensors were checked in buffers with pH 3.5–9.0 (Fig. 3). As illustrated, 
responses of the sensors to three physiologically relevant concentrations of NH4
+ and K+ were similar at all 
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pH levels. This demonstrated that the signals of the sensors were not altered by the range of pH associated 
with urine.  
   
Figure 3. Ion sensing measurements acquired from the (a) NH4
+ ISE and (b) K+ ISE over distinct pH 
levels. Potential of the ISEs was recorded at three concentrations of the target ions (1, 10, and 100 mM) 
and at pH levels ranging from 3.5 to 9 vs. ref. Ag/AgCl [0.1 M] . Standard error bars represent standard 
deviation, n = 3.  
 
Cross-interference of K+ and NH4
+ions 
Selectivity of the ionophores towards NH4
+ and K+ is not ideal. These two ions are similar in charge 
(+1) and size (0.14 nm ionic radii) and thus ionophores can bind both of them.68, 69 It is a known drawback 
of ISEs without direct solution and it is recommended to evaluate the sensitivity of ISEs to possible 
interferents and to control concentrations of the main interferents in samples.70-72 Thus, it was necessary to 
study the sensitivity of the developed NH4
+ ISE to K+ and K+ ISE to NH4
+. To do this, calibration curves of 
both ISEs to K+ and NH4
+ were obtained, and sensors were also calibrated in the presence of different 
concentrations of the interfering ion (Fig. 4). 
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Figure 4. (a) Calibration curves of ammonium LIG ISE functionalized with the NH4
+ ion selective 
membrane to NH4
+ only (black), K+ only (red), and NH4
+ in the presence of 1 mM K+ (blue), 20 mM K+ 
(pink), and 40 mM K+ (green). (b) Calibration curves of potassium ISE to K+ only (black), NH4
+ only 
(red), and K+ in the presence of 1 mM NH4
+ (blue), 20 mM NH4
+ (pink), and 40 mM NH4
+ (green). 
Standard error bars represent standard deviation, n = 3.  
 
Sensitivity of the NH4
+ ISE to potassium was lower than to ammonium, but still considerably high 
(Fig. 4a). Furthermore, the presence of potassium caused an increase in the signal-to-noise ratio of the 
sensor and the sensor did not respond to NH4
+ until the NH4
+concentration reached at least 10% of the K+ 
concentration. There was no additive effect between the responses of ISEs to the main and interfering ions 
and the sensor gave normal signals to NH4
+ if its concentration was the same or above K+ concentration. 
The K+ ISE was insensitive to NH4
+ concentrations lower than 10 mM, and the calibration curves to K+ 
were almost not influenced by the presence of NH4
+ (Fig. 4b).  These results demonstrate that the sensors 
should operate together and if the concentration of K+ is significantly higher than the concentration of NH4
+ 
then the results of NH4
+ ISE should not be taken into account due to interference. 
 
Interference of other ions 
Real samples including urine contain numerous ions that can interfere with the sensor 
measurements. Thus, it was necessary to check the influence of other ions on the sensor response. To do 
that, responses of the ISEs to the target ions were recorded in DI and in the presence of other ions (Fig. 5). 
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Concentrations of interfering ions were similar to those found in urine. As seen in Fig. 5, the presence of 
other ions did not cause significant (P > 0.05) changes of the ISEs responses, which proved the high 
selectivity of the developed sensors. The presence of anions (nitrate, nitrite, sulfate, and acetate) did not 
influence the sensor’s responses either (data not shown). 
NH4
+ ISE had slightly higher potential in the presence of potassium (see first two bars at the Fig. 
5a), but it should be noted that for this experiment an average concentration of ammonia found in urine (15 
mM) and the maximal concentration of potassium (125 mM) was used. Thus, this case represents the most 
challenging sensing conditions expected to occur in real urine samples, and therefore in most scenarios the 
interference from K+ on NH4
+ response would be less dramatic. 
 
   
Figure 5.  Responses of NH4
+ ISE (a) and K+ ISE (b) to the target ions (NH4
+ = 15 mM, K+ = 25 mM) in 
DI water (control) and in the presence of different interfering ions. Concentration of interferents: KCl = 
125 mM, NaH2PO4 = 220 mM, MgCl2 = 125 mM, CaCl2 = 7.5 mM. Standard error bars represent 
standard deviation, n = 3.  
 
Furthermore, selectivity coefficients of the ISEs were evaluated (Table 1).73 As illustrated, these 
ions displayed negligible interference to both the K+ and NH4
+ ISEs. These results are due to the relatively 
high selectivity of the ionophores (nonactin and valinomycin) used in the sensor’s working electrode – the 
ionophores do not bind ions that have other size and/or charge than NH4
+ and K+. The obtained selectivity 
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coefficients are comparable with other studies, which are expected since the sensor’s selectivity in the 
present study is mainly due to the ionophores used and does not depend on the type of electrode.11, 74-76 
Table 1. Selectivity coefficients of the developed ISEs. 









+ 1 0.135 
K+ 0.155 1 
Na+ 0.020 0.053 
Mg2+ 0.004 0.001 
Ca2+ 0.033 0.001 
 
Analysis of hydration level of patients 
After characterization of the ISEs, the sensors were used for analysis of urine obtained from two 
healthy volunteers before and after performing the sequenced tasks (see “Materials and Methods”). It should 
be noted here that ion sensing in urine samples were performed with electrochemical LIG ISEs that were 
fabricated at Iowa State University (ISU) and then shipped to Arizona State University (ASU), where the 
\the ion sensing in urine was performed.  Since all previous ions sensing was performed at ISU, this urine 
sensing at ASU served as a type of secondary validation for the developed LIG ISEs. Both patients 
displayed an increase in ammonium and potassium concentrations after performing the assigned tasks 
indicating that physical and cognitive stresses have caused the patients to be in a more dehydrated state 
(Fig. 6). In fact, readout NH4
+ and K+ concentrations approximately increased by 51% and 17%; 
respectively, in patient 1 (22 yr. old) and approximately by 29% and 61%; respectively, in patient 2 (73 yr. 
old). Even though the concentration ranges of ions were within the normal range, the ISEs were able to 
discriminate the hydration status change in the subjects. To demonstrate reproducibility, three distinct 
electrodes were used measure each ion (NH4
+ and K+) for each sample. The specific gravity of the urine 
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samples was also recorded as an independent method to assess hydration status change, and showed an 
increase of 10 units in each subject, with a level of 1035 (indicating severe dehydration) in the older subject. 
Furthermore, the body weight of the subjects was additionally assessed before and after the task sequence, 
and rendered a decrease of ~0.5 kg for both subjects from 89.2 kg for the 22-year old subject, and from 
79.1 kg for the 73-year old subject. The chemical analysis with ISEs, specific gravity test, and the physical 
analysis from body weight confirmed the dehydration status of the subjects. 
   
Figure 6. Results of NH4
+ and K+ detection in urine obtained from individuals: (a) patient 1 (22 yr. old) 
and (b) patient 2 (73 yr. old), before and after dehydration using the LIG ISEs. Specific gravity (SG) was 




LIG electrodes were successfully created into NH4
+ and K+solid-state ion-selective sensors via 
functionalization with specific PVC-based ion selective membranes.  The LIG ISEs were manufactured by 
a rapid two-stage process (lasing of polyimide followed by drop-casting of the ion-selective membrane), 
which is a less cumbersome manufacturing protocol than conventional graphene circuit fabrication as well 
as liquid junction ISEs fabrication.  The developed ISEs demonstrated high selectivity towards target ions, 
except for small cross-interference of NH4
+ and K+. ISEs were characterized in DI water and showed near 
Nernstian sensitivities of 51 mV/dec (NH4
+) and 53 mV/dec (K+) and detection limits of 30 μM (NH4
+) and 
100 μM (K+). Response of the sensors was linear from 0.1 mM (NH4
+) and 0.3 mM (K+) to at least 150 mM 
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(both ions). Moreover, the ISEs can be effectively used at different pH levels (from 3.5 to 9.0) and displayed 
stable shelf-life after 3 months of dry storage at room temperature (sensitivity retention of 86% for the NH4
+ 
ISE and 100% for the K+ ISE).  Urine samples with different NH4
+ and K+ levels were successfully analyzed 
by the developed ISEs and compared with specific gravity and weight loss measurements which confirmed 
the hydration status of a young patient (22 yr. old) and older patient (73 yr. old).  The analysis of the urine 
samples was conducted within several minutes in a different laboratory from which the sensors were 
originally fabricated and characterized. Hence, the sensors received a type of secondary validation from a 
different laboratory which further corroborated the results presented herein.   
In broader terms, the proposed ISEs could potentially be used for the rapid quantifiable assessment 
of hydration levels of a patient, which is especially important for advanced age patients. Such non-invasive 
monitoring could also potentially be used to detect dehydration early and consequently avoid the on-set of 
associated health problems as well as avoid the costs associated with treating these health issues.54, 55 LIG 
electrodes presented in this work could also be modified with different ion-selective membranes for the 
sensing of other ions (i.e., calcium,77 sodium,78 nitrate,10 and hydrogen77) in various media. For example, 
detection of NO3
-, NH4
+, and K+ in soil is essential for the assessment of the soil fertility, and their 
concentration in soil lies within the linear range of the developed ISE.79, 80 Moreover, the use of ion sensing 
in urine could be used to identify other ailments. For example, abnormal levels of K+ ions in biological 
fluids can signal or cause muscle cramps or weakness, nausea, diarrhea, frequent urination, dehydration, 
paralysis, and changes in heart rhythms.81-83 NH4
+ ISEs may also act as a promising technology for early 
screening of chronic kidney diseases or kidney failure. Even though serum biomarkers such as creatine and 
cystatin C are more reliable than urine markers, which are influenced by hydration levels, progressive 
decline in renal ammonium excretion rates may potentially indicate changes in systemic metabolic acidosis 
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